Bone continuously remodels in response to mechanical and physiological stresses, allowing vertebrates to renew bone as adults. Bone remodeling consists of the cycled synthesis and resorption of collagenous and noncollagenous extracellular matrix proteins, and an imbalance in this process can lead to disease states such as osteoporosis, or more rarely, osteopetrosis. There is evidence that the extracellular matrix glycoprotein osteonectin or secreted protein acidic and rich in cysteine (BM-40) may be important in bone remodeling. Osteonectin is abundant in bone and is expressed in areas of active remodeling outside the skeleton. In vitro studies indicate that osteonectin can bind collagen and regulate angiogenesis, metalloproteinase expression, cell proliferation, and cell-matrix interactions. In some osteopenic states, such as osteogenesis imperfecta and selected animal models for bone fragility, osteonectin expression is decreased. To determine the function of osteonectin in bone, we used contact x-ray, histomorphometry, and Northern blot analysis to characterize the skeletal phenotype of osteonectin-null mice. We found that osteonectin-null mice have decreased bone formation and decreased osteoblast and osteoclast surface and number, leading to decreased bone remodeling with a negative bone balance and causing profound osteopenia. These data indicate that osteonectin supports bone remodeling and the maintenance of bone mass in vertebrates.
To determine the role of osteonectin in bone, we characterized the skeletal phenotype of mice carrying a null mutation in the osteonectin gene. The osteonectin-null mice used in this study have a targeted disruption in exon 4 of the gene. These animals were generated as described and partially characterized (16) . Homozygous mutant and control mice were maintained on a mixed genetic background of 129SV/C57BL/6, and tissue from homozygous mutant mice does not contain detectable amounts of osteonectin mRNA or protein (16) . It was reported previously that osteonectin-null mice develop cataracts as early as 1.5 months of age, but do not display gross abnormalities in skeletal morphology or growth (16, 17) . However, a comprehensive study of the skeleton of mutant mice was not reported. Using the sensitive techniques of contact x-ray and histomorphometry we found that osteonectin-null mice display decreased bone remodeling with a marked negative bone balance, leading to profound osteopenia.
Methods

Animals.
Mice were generated and maintained on a mixed genetic background of 129SV/C57BL/6 as described previously (16) . All groups of mice analyzed contained both males and females. For studies of 11-week-old animals, homozygous wild-type and osteonectin-null litter mates, as well as heterozygotes, were characterized. As the skeletal phenotype of the osteonectin-null mice was apparent from these animals, analysis of the older animals, 17 and 36 weeks, were performed on the progeny of homozygous wild-type or osteonectin-null crosses. Whereas the genetic background of these animals may not have been identical, the gross phenotype of the mutant mice, osteopenia, and cataracts, was maintained. Mice were sacrificed by CO 2 asphyxiation, using a protocol approved by the Saint Francis Hospital and Medical Center Animal Care and Use Committee.
Histomorphometry and radiographic analysis. After wholeanimal contact radiography (Faxitron X-ray Corporation, Wheeling, Illinois, USA), bones were dissected and fixed in buffered 3.7% formaldehyde for 16 hours at 4°C. After dehydration, undecalcified bones were embedded in methylmethacrylate and 5-µm sections were prepared on a MicroTec rotation microtome (Techno-Med Bielfeld, Germany) as previously described (18) . Sections were stained with toluidine blue, von Kossa or Goldner trichrome, and evaluated on a Zeiss microscope (Carl Zeiss, Jena, Germany). Quantitative histomorphometry was performed on toluidine blue-stained, undecalcified sections of proximal tibia and lumbar spine according to American Society for Bone and Mineral Research standards using the Osteomeasure histomorphometry system (Osteometrics, Atlanta, Georgia, USA) (19) . For assessment of dynamic histomorphometric indices (bone-formation rate), mice were injected with calcein (25 mg/kg) 12 days and 2 days before sacrifice, according to a standard double-labeling protocol (20) .
Biomechanical properties. A 3-point bending test was performed as described previously using a commercial high-precision instrument (Z2.5/TN 1S testing machine; Zwick GmH and Co., Ulm, Germany) (21) . Femurs were dissected free of soft tissue, and the ends of the bones were supported on 2 fulcrums separated by 5 mm. A load was applied to the anterior midshaft at a constant speed of 10 mm/min to failure. The ultimate force and the ultimate deformation were determined directly from force-deformation curves. Stiffness was assessed as the slope of the force-deformation curve.
RNA analysis. Calvariae and femurs, dissected free of adherent tissue and flushed of bone marrow, were snap-frozen in liquid nitrogen. Bones from 3-4 agematched animals were pooled for RNA isolation. Bones were homogenized in buffer containing 4 M guanidinium thiocyanate, and RNA was extracted with acid phenol and precipitated with isopropanol (22) . Total RNA (10 µg/lane) was denatured and subjected to electrophoresis through formaldehyde/ agarose gels and blotted on to GeneScreen Plus as directed by the manufacturer (NEN Life Science Products Inc., Boston, Massachusetts, USA). The cDNA fragments were labeled with α-32 P-dCTP by random priming (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). The cDNAs used were bovine osteonectin, mouse bone sialoprotein, mouse osteo-pontin, rat fibronectin, rat α1(I) collagen, rat osteocalcin, mouse gelatinase B, human gelatinase A, rat collagenase-3, mouse VEGF, and rat GAPDH (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Hybridizations were carried out at 42°C in 50% formamide, 750 mM sodium chloride, 50 mM sodium phosphate, 5 mM EDTA, 5× Denhardt's solution, and 0.4% SDS (Sigma Chemical Co., St. Louis, Missouri, USA). Posthybridization washes were performed at 65°C in 150 mM sodium chloride, 15 mM sodium citrate, and 0.1% SDS. Appropriate exposures of autoradiographs were analyzed by densitometry.
Biochemical assays. Blood and urine were collected from age-matched mice. To determine osteocalcin levels in the serum, a mouse osteocalcin radioimmunoassay was performed as described by Gundberg et al. (33) (all reagents from Biomedical Technologies, Stoughton, Massachusetts, USA). Total deoxypyridinoline cross-links in the urine were determined using the Pyrilinks-D ELISA (Metra Biosystems, Mountain View, California, USA) (34) . Mouse urine was hydrolyzed by boiling 18 hours in 6 N HCl and was neutralized before the assay. Urinary creatinine concentration was determined using an alkaline picrate quantitative colorimetric assay, and deoxypyridinoline cross-links are expressed relative to creatinine concentration (Creatinine Kit; Metra Biosystems, Mountain View, California, USA).
Results
Contact x-ray and histomorphometric analysis of undecalcified bone showed that the osteonectin-null mutation severely affects trabecular bone, the type of tissue found in vertebrae and the metaphysis of long bones. Trabecular bone is responsible for much of the metabolic function of bone, and it is the region of the tissue most susceptible to loss of bone mass due to calcium deficiency, estrogen deficiency, or loss of weight bearing (1, 2) . Although analysis of neonatal and 6-week-old animals failed to demonstrate significant differences in trabecular bone, x-ray and histomorphometric analysis demonstrated that, compared with age-matched controls, osteonectin-null mice had decreased trabecular bone at 11 weeks of age. The vertebrae of 11-week-old osteonectin-null mice had decreased radiographic density, and trabecular bone volume (BV/TV) in mutant mice was approximately 50% lower than in control mice (Figure 1 ) (control 21.4% ± 1.4 vs. mutant, 11.3% ± 0.3; n ≥ 4). Decreased radiographic density and decreased trabecular bone were also evident in the metaphysis and epiphysis of the tibia and femur ( Figure 2 , and data not shown). At this age, differences in trabecular bone were more dramatic in the vertebrae than in the tibia. One copy of a functional osteonectin gene was sufficient to rescue the phenotype, because mice heterozygous for the osteonectin-null mutation had a skeletal phenotype identical to that of the homozygous control animals (data not shown).
Histomorphometric analysis of tibia showed that the difference in trabecular bone volume between the control and osteonectin-null mice became greater as the animals became older. The osteonectin-null mice had approximately 50% less trabecular bone than control mice at 17 weeks of age and approximately 70% less trabecular bone at 36 weeks of age, suggesting a cumulative effect (Figure 3a) . The decrease in trabecular bone volume in the mutant mice was reflected by changes in trabecular number and spacing. At 17
Figure 2
Radiographic and histologic analysis of proximal tibiae from 11-week-old control and osteonectin-null mice. Tibiae from 11-week-old control (a-c) and osteonectin-null (d-f) mice were analyzed by x-ray (a, d) and von Kossa staining, which stains mineralized matrix black (b, c, e, f). Staining, viewed at a higher magnification (c, f).
weeks of age, the osteonectin-null mice had approximately 60% fewer trabeculae than age-matched control animals, and trabecular spacing in the mutant animals was increased approximately 2-fold ( Figure 3 , b and c). Similar effects on trabecular spacing and number were seen in 36-week-old mice. This loss of trabecular elements reduced the number of interconnections between the trabeculae, a phenomenon clearly visible in the bone sections (Figures 1 and 2 ). In humans, loss of trabecular connectivity plays a significant role in skeletal fragility (35) .
Control and osteonectin-null mice did not have significant differences in cortical bone thickness at any age tested, up to 36 weeks (data not shown). However, to determine if the osteonectin-null mutation affected the strength (maximum load) or flexibility (stiffness) of the cortical bone, biomechanical properties of the femurs from control and osteonectin-null mice were assayed in a 3-point bending test. Whereas there were no significant differences in the biomechanical properties of bones from 11-week-old mice, by 17 weeks bones of the control mice gained strength, whereas those of the mutant mice did not. As expected, bones from 36-week-old control lost strength, a result of normal aging, whereas the strength of bones from mutant mice did not change (Table 1) .
Histomorphometry revealed that the osteonectinnull mutation affected osteoblast and osteoclast numbers and surface. Compared to age-matched controls, osteoblast number in the osteonectin-null mice was decreased by approximately 30% at 17 weeks and by approximately 60% at 36 weeks of age, with similar changes in osteoblast surface (Figure 4 , a and c). Osteonectin-null mice also had decreased osteoclast number and surface ( Figure 4, b and d) . Osteonectinnull mice had approximately 60% fewer osteoclasts than age-matched controls at 17 weeks of age. However, there was little difference in osteoclast number in 36-week-old animals because the number of osteoclasts in control mice had decreased, reflecting decreased remodeling in the older animals. Osteoclast surface was affected in a similar manner. To determine the effect of the osteonectin-null mutation on bone-formation rate, calcein double-labeling of mineralized matrix was used. As expected, trabecular bone-formation rate decreased in control and mutant mice as the animals aged. However, the bone-formation rate of the osteonectin-null mice was significantly less than that of control mice at each age tested. By 36 weeks of age, trabecular bone-formation rate in the mutant mice was decreased by 85% compared with the controls, further illustrating the cumulative
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The nature of the defect ( Figure 5 ). Whereas cortical boneformation rate was similarly affected, there was no change in cortical bone thickness, suggesting less bone resorption in cortical bone than in trabecular bone (data not shown). Serum osteocalcin levels and urinary deoxypyridinoline levels are often used as biochemical markers of bone turnover, and these parameters were assayed in control and osteonectin-null mice at different ages (Table 2 ) (36). Serum osteocalcin is considered a marker of osteoblastic function and was determined by specific radioimmunoassay. With increasing age, serum osteocalcin levels decreased in control and mutant mice, reflecting the decrease in bone formation associated with aging. However, there were no significant differences in serum osteocalcin levels between control and mutant mice at 11 and 17 weeks of age. At 36 weeks, serum osteocalcin in osteonectin-null animals was below the limit of detection of the assay, whereas levels were low, but detectable, in control mice. These data suggest a difference in serum osteocalcin at this age, although statistical evaluation is difficult. Total urinary deoxypyridinoline levels, a marker of bone resorption, were measured by ELISA, and no statistically significant differences were observed between control and mutant animals or between the ages tested. In this instance, it is not surprising that the biochemical parameters of bone turnover did not correlate well with the decrease in trabecular bone and changes in bone cell number found in mutant mice by histomorphometry, because of the reduced sensitivity of the biochemical markers compared with histomorphometric evaluation and the limited effect of the osteonectin-null mutation on cortical bone.
Although overexpression of osteonectin in transgenic nematodes causes embryonic abnormalities and injection of antibodies against osteonectin into Xenopus embryos causes developmental defects, osteonectin-null mice have normal embryonic skeletal development (6, 16, 17) . To determine whether altered expression of other bone matrix products may have compensated for the lack of osteonectin, Northern blot analysis of RNA from femurs and calvariae of 11-, 17-, and 36-week-old mice was performed ( Figure 6 and data not shown). No appreciable or consistent differences in the expression of bone sialoprotein, fibronectin, osteocalcin, osteopontin, or α1(I) procollagen mRNA were noted between control and mutant mice. RNA isolated from femurs and calvariae gave similar results, suggesting that osteonectinnull mutation affected bones formed by intramembranous and endochondral ossification in a similar manner ( Figure 6 ).
Studies in nonskeletal tissues showed that osteonectin can induce expression of MMPs. Osteoblasts synthesize a number of MMPs including gelatinase A (MMP-2), gelatinase B (MMP-9), collagenase-3 (MMP-13), collagenase-1 (MMP-1), and stromelysin-3 (MMP-11), whereas osteoclasts express gelatinase B and MT-1 MMP (23, (37) (38) (39) (40) (41) . MMPs are important in the breakdown of extracellular matrix associated with bone remodeling and gelatinase-B, in particular, is important for growth-plate angiogenesis (42) . Northern blot analysis of RNA from 11-, 17-, and 36-week mouse calvariae and femurs showed little difference in the abundance of mRNA for collagenase-3 or gelatinase-A in bones from control and osteonectin-null mice, whereas an inconsistent decrease in gelatinase B mRNA was noted at 11 weeks ( Figure 6 and data not shown). These data suggest that metalloproteinase expression was not severely altered by the osteonectinnull mutation.
Osteonectin can induce angiogenesis, and neovascularization is important for normal ossification. VEGF is a potent angiogenic factor expressed by osteoblasts and hypertropic chondrocytes, therefore the expression of VEGF mRNA in bones from control and osteonectin-null mice was examined (6, 43, 44) . The VEGF probe hybridized with transcripts of approximately 4 kb and 2.4 kb. Interestingly, the smaller transcript appears to be absent in bone from osteonectin-null mice ( Figure 6 ). Overall, the osteonectin-null mice have decreased bone turnover as a result of decreased basic multicellular units (BMUs), the functional unit of osteoblasts and osteoclasts responsible for bone remodeling. The decreased bone-formation rate in the osteonectin-null mice and their decreased trabecular bone volume compared with control animals indicate that the mutant mice have a negative bone balance, leading to lowturnover osteopenia that becomes severe with age.
Discussion
Our data document, we believe for the first time, a role for osteonectin in bone, a tissue enriched in this glycoprotein. We find that osteonectin is critical in the support of bone remodeling and maintenance of bone mass. Osteonectinnull mice have decreased numbers of osteoblasts and osteoclasts, indicating decreased bone turnover as a result of decreased BMUs of remodeling. Compared with control animals, the decrease in bone formation exceeded the decrease in osteoclast number, causing a progressive decline in trabecular bone volume in the osteonectin-null mice and leading to low-turnover osteopenia.
The decreased trabecular bone volume in the osteonectin-null mice demonstrates the detrimental effect of the mutation on bone microarchitecture. Whereas the osteonectin-null mutation did not significantly affect cortical bone thickness, both cortical and trabecular bone-formation rate were decreased in the mutant mice. This suggests that matrix degradation in the cortical bone of mutant mice was reduced to a greater extent than in trabecular bone, or that, in general, osteoclastic activity in trabecular bone is greater than that in cortical bone since trabecular bone is most susceptible to loss of mass in states of increased resorption (1, 2). The slightly different effect of the osteonectin-null mutation on cortical and trabecular bone is not unexpected because they are biochemically distinct and may be subject to distinct regulatory mechanisms. Furthermore, normal human trabecular bone has 20-to 40-fold more osteonectin than cortical bone, which may make trabecular bone more sensitive to the osteonectin-null mutation (45) .
Although serum osteocalcin levels were lower in aged osteonectin-null mice, for the most part there were no significant differences between control and mutant mice in the biochemical parameters tested. This may be due to the lower sensitivity of biochemical parameters compared with histomorphometry and to the limited
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Figure 5
Trabecular bone-formation rate in tibiae of control (+/+) and osteonectin-null (-/-) mice. In vivo dual calcein labeling allows an estimate of boneformation rate, which considers the distance between 2 fluorescent labels. Representative data from 11-week-old control (a) and osteonectinnull (b) mice are shown. Bars show mean ± SEM (n ≥ 4). A P < 0.01 between control and mutant mice, as determined by 2-way ANOVA. effect of the mutation on cortical bone, which may have reduced detectable differences between control and mutant mice. Similar to the serum studies, the levels of osteocalcin mRNA in homogenates of whole bones were not different between control and osteonectin-null mice. Regarding the data on urinary collagen cross-links, it has been documented that urinary deoxypyridinoline is poorly correlated with bone resorption as assessed by histomorphometry (46) . Indeed, the correlation between biochemical parameters of bone remodeling and bone mineral density is greater in high-turnover than in low-turnover states, such as that seen in the osteonectin-null mice (47) . Furthermore, for the most part, data on the utility of biochemical parameters as markers of bone remodeling is derived from human studies, and their value in animal models is less well documented.
Whereas changes in cortical bone thickness were not observed, a 3-point bending test revealed that osteonectin-null mice had bone of lesser stiffness than control mice. The assay showed that femora from control mice gained strength from 11 to 17 weeks of age, then lost strength between 17 and 36 weeks, whereas the strength of femora from osteonectin-null mice did not change from 11 to 36 weeks of age. A significant difference in the bone strength of control and mutant mice was found at 17 weeks of age, a time of peak bone mass in the mouse (48) . Whereas the 3-point bending test primarily measures the biomechanical properties of cortical tissue, it does not exclude the contribution of trabecular bone to the structural integrity of the bone in its totality. Therefore, the results of the 3-point bending test are not surprising, despite the lack of difference in cortical thickness. The data also suggest that whereas the osteonectin-null mutation did not affect the thickness of the cortical bone, its quality is not the same as that found in control mice. This idea is supported by the fact that preliminary data obtained using Fourier transform infrared microscopic analysis indicate that the cortical bone in the osteonectin-null mice has a higher mineral-to-matrix ratio, suggesting decreased matrix content (49) .
We found that bones from osteonectin-null mice consistently yielded less total RNA than bones from control animals, an observation that correlates with the general decrease in bone cell number found in the mutant animals (A. Delany, unpublished data). However, Northern blots containing equivalent amounts of RNA showed that osteonectin-null and control mice expressed similar transcript levels for the major bone matrix components α1(I) collagen, fibronectin, and bone sialoprotein. These data suggest that the matrix deposition function of the mutant osteoblasts may not be seriously affected. Whereas misexpression of osteonectin in Xenopus embryos and nematodes results in developmental defects, the skeletal development of the osteonectin-null mice appears to be normal (6, 16, 17) . Northern blot analysis showed that control and osteonectin-null mice had similar transcript levels for the calcium-binding extracellular matrix proteins osteocalcin and osteopontin, suggesting that they may not be involved in compensating for the osteonectin-null mutation. Interestingly, SC1, which has 70% similarity to osteonectin, is coexpressed with osteonectin in embryonic bone, suggesting that osteonectin and SC1 may have redundant functions in skeletogenesis (50) . Given the progressive decline in trabecular bone volume in adults, osteonectin may be more important in remodeling adult bone than in development and growth.
Previous studies suggested that osteonectin can stimulate angiogenesis. Several mouse models have demonstrated that disruption of angiogenesis in bone results in perturbation of the growth plate; however, the growth plate is normal in osteonectin-null mice (42, 43) . Bone from control mice displayed 2 VEGF transcripts. The smaller transcript could be due to alternative splicing, or it may represent cross hybridization of the probe with another member of the VEGF family (51, 52) . The smaller transcript appears to be absent in bones from osteonectin-null mice, although the significance of this is unclear. Whereas the mutant mice may have a neovascularization defect, it is possible that another global process important in bone formation is affected by the osteonectin-null mutation.
The phenotype of osteonectin-null mice differs substantially from that of mice carrying null mutations in other noncollagenous extracellular matrix genes. Osteocalcin-deficient mice display increased bone formation, whereas biglycan-deficient mice have reduced bone mass owing to reduced bone for-
Figure 6
Analysis of mRNA in bone from control (+/+) and osteonectin null (-/-) mice. RNA from bone of 17-week-old mice was subjected to Northern blot analysis. Replicate Northern blots were probed with 32 P-labeled cDNA for bovine osteonectin (On), mouse bone sialoprotein (Bsp), mouse osteopontin (Op), rat fibronectin (Fibr), rat α1(I) collagen (Coll), rat osteocalcin (Oc), mouse gelatinase B (Gel-B), human gelatinase A (Gel-A), rat collagenase-3 (C'ase), VEGF. Mouse 18S rRNA cDNA (18S) was used as a control for RNA loading. Appropriate exposures were analyzed using densitometry. mation, with no change in osteoclast surface and very modest decreases in osteoblast surface (53, 54) . Osteonectin-deficient mice have a dramatic decrease in osteoclast and osteoblast surface with decreased bone formation leading to development of a lowturnover osteoporosis-like phenotype affecting trabecular bone. Senile osteoporosis in aged humans is another example of low-turnover osteopenia, resulting in decreased cortical as well as trabecular bone. In this disease, there is decreased bone turnover with the decrease in bone formation exceeding the decrease in bone resorption. It is proposed that one component of senile osteoporosis is impaired osteoblastic function. In contrast, high-turnover osteopenia, like that seen in the period immediately following estrogen depletion or in hyperparathyroidism, results from increased bone turnover, with bone resorption outpacing bone formation. In high-turnover osteopenia, trabecular bone is primarily affected (55) .
In summary, we find that osteonectin-null mice develop a low-turnover osteopenia, resulting in trabecular bone with compromised mass, microarchitecture, and biomechanical properties. Current data suggest that osteopenia in osteonectin-null mice primarily is due to a progressive decrease in bone cell number. It is possible that decreased expression of osteonectin can contribute to bone fragility associated with some osteopenic states, such as osteogenesis imperfecta, and it is possible that osteonectin gene mutations or polymorphisms may play a role in inherited susceptibility to osteoporosis (13) (14) (15) .
